In dynamic cyclic testing of curtain wall system mockups, instrumentation and sensors are the standard methods for collecting performance data. While extremely beneficial due to their precision, cost and availability of sensors can lead researchers to collect limited data, particularly with full-scale specimens. The objective of this paper is to present a technique for better understanding of the behavior of four-sided structural sealant glazing (4SSG) curtain wall system mockups. This paper introduces the use of video capture technique for analysis of glazing curtain wall systems as a viable alternative to sensors to determine failure conditions. The development of the method is based on videotaping actual full-scale racking tests. The work presented here details video capture analysis that measured changes in distances between glass and frame, which was then used to calculate an effective shear strain of the structural silicone by a linear and quadratic method. Specimens tested included "unitized", four-sided structural sealant glazing (4SSG) curtain wall system mockups with a re-entrant corner subjected to cyclic racking displacements per American Architectural Manufacturers Association AAMA 501.6 protocol. The video capture analysis method concluded that an effective shear strain of 173% and 130% was calculated, respectively, from a linear method and a quadratic method for a structural silicone when failure initiated. Test data from the manufacturer indicates the ultimate shear strain of the structural silicone occurs at around 200%. The contribution of this work was to show that video analysis approach would be able to confirm the assumed in-plane movements of the glass relative to the frame during racking.
INTRODUCTION
Curtain wall system mockups are often dynamically tested involving instrumentation and sensors as the standard method for collecting performance data (Khoraskani 2015; Gorenc 2016) . While extremely beneficial due to their precision, cost and availability of sensors can lead researchers to collect limited data, particularly with full-scale specimens (Bârnaure and Voiculescu 2013; Antolinc et al. 2014) . While there have been several studies on experimental racking performance of curtain wall systems (Broker et al. 2012; Wang et al. 2015; Lu et al. 2016; Aiello et al. 2018) , due to the cost of full-scale testing, alternatives methods are of interest.
The concept of using video footage is a new technique for curtain wall systems. However, a literature review revealed that besides a pilot study reported in Memari et al. (2012a) who used video footage for the analysis method to determine the racking performance, relatively few other studies are reported (Yoneyama et al. 2007; Ri and Tsuda 2013; Davis et al. 2015) . Video capture has been used extensively in other fields such as medical and surgical robotics (Cosman et al. 2007; Yang et al. 2017 ). Tabarsa and Chui (2001) used a video recorder to measure the deformation of wood loaded with radial compression. This was used to generate the stress-strain responses. Syllebranque et al. (2007) presented a new method to estimate linear elastic parameters of materials like silicone by analyzing video recording of deformation. A quasi-static FEM is used with the Poisson's ratio and Young's modulus as parameters. The results were then validated by the Zwick universal hardness tester measurements. Syllebranque et al. (2007) also presented a simple hand-held device to measure the externally applied force. Bathurst et al. (2008) used a video extensometer camera device to record deformations of a masonry concrete block retaining walls. Mema-ri et al. (2012b) is the only source that used video capture to measure the deformation of the panels and weatherseals during a racking step of a glazing curtain wall. A video player was used to view the footage and to select the exact frame that displayed the un-deformed shape and the maximum deformation of the curtain wall system. A software program "Any Capture Screen" was used to obtain individual images without making them blurred or fuzzy. The images were then imported and overlaid in Photoshop Adobe (2011) . The outline of the glass panes in each image was traced. Each image and tracing were on separate layers which may be turned on or off. The displacements of the panels and the deformations of the weather-seal could then be measured by Photoshop in pixels and then converted to English or Metric units using the scales shown in the images attached to the panel edges of the mockup.
This paper presents a portion of a broader study that involves racking testing and finite element modeling of curtain wall systems. The objective here was to confirm the assumed in-plane movements of the glass relative to the frame due to racking and to calculate the effective shear strain and the rotations of the glass and frame using video analysis (Simmons 2011) . The extent of damage to sealant joints was tracked as a function of drift level through visual and video inspection of structural sealant. The information presented in this paper is useful in developing a better understanding of the behavior of 4SSG curtain wall systems for seismic design and can also be considered a contribution to further develop a video capture methodology. The intent is to contribute to the development of closed-formed equations for sealant failures based on video capture. This is significant since the AAMA 501.6 (AAMA 2009) testing process takes time and consumes resources.
TEST SETUP AND SPECIMEN ASSEMBLY
The physical testing of curtain wall mockups was performed as part of a larger project of which this paper forms a portion of the analytical component. Simmons (2011) provide details of the physical testing program. The following is a highlight summary of the constants, variables, and observations, from the physical test. The testing consisted of identical curtain wall panel mockups ( Figure 1 ) glazed with Dow Corning 983 Structural Glazing Sealant (DOW 2011) . Mockup B had a stick-built boundary condition, while Mockup C's boundary condition consisted of a stick-built-with-vertical-slip mechanism. As a result, the behavior of Mockup B was somewhat pure-racking, whereas Mockup C allowed for the panels to slip vertically past each other. The basic dimensions of all of the mockups are shown in Figure 2 . The failure modes of the mockup are defined similarly to those in (Memari et al. 2006; Memari et al. 2012a; Memari et al. 2012b ). The specimens were tested according to the displacement-controlled racking protocol recommended in AAMA 501.6 (AAMA 2009). This test method is characterized by monotonically increasing-amplitude sinusoidal drift cycles that determine the serviceability and ultimate drift limits for architectural glass components subjected to cyclic, in-plane racking displacements (Mema-ri et al. 2012b) . The "stepwise" test method consists of a series of alternating "ramp up", "constant amplitude", and "ramp down" intervals, each comprised of four sinusoidal cycles where each step increases by 1/4 inch (6.4 mm) increments.
In the experimental study, the racking was stopped after each inch (6.4 mm) step for inspection of any structural sealant damage. Figure 3 depicts this drift vs. time for Step 12 with a maximum nominal amplitude of 3 inches (76.2 mm) and highlights the positive and negative amplitudes during the sixth Figure 2 . Elevation and plan view of three panels and a perpendicular panel of a 4SSG curtain wall system cycle, labeled as C6.25 and C6.75. These are the targeted instants during the test for the video analysis. The testing consisted of two identical mockups, each tested several times. See Table 1 for a listing of each test's varying boundary conditions. Each mockup was first tested with a unitized sway condition. After assessing the damage condition of the Mockup B and Mockup C, both were determined to be in acceptable condition. Mockup B was then tested with stick-built boundary condition (rack), while Mockup C was tested with the stick-built-with-vertical-slip condition (rack with vertical slip). The focus of the video analysis was the four corners of glass Pane 5. Some analyses were also performed on the video footage of corners of the panes forming the re-entrant corner (glass Panes 6 and 11). Figure 4 shows the labeling of the glass panes, camera locations, and the regions of SS that had the highest deformation. These regions are the focus of the video analysis and are labeled according to glass pane number and then the corner. 
VIDEO CAPTURE TECHNIQUES
Two techniques were used to measure the movement of the glass corners relative to the mullions and transom. The first technique consisted of viewing the video recordings frame-byframe, taking screenshots of the maximum deformed position for selected steps, and importing the images into Auto-CAD (Autodesk 2013 ) to scale and take measurements. Capturing, preparing, and measuring the images can be tedious and time-consuming. The second technique uses a point tracking feature from the computer software CMA Coach 6 Studio MV's application Data Video with point tracking feature (CMA 2010) . It allows the user to select the range and intervals of video frames to be automatically analyzed. The program does have a fast rate of analysis; however, the video files are about 450 frames (15 seconds) long for Steps 1 to 12, which takes about 10 minutes to run. Steps 13 to 24 have about twice as many frames and take about twice as long to run. In addition, each analysis is often run multiple times to attempt to reduce the error of the point tracking. Mockup B and Mockup C were analyzed by both techniques.
Hand-held video camcorders were mounted on supports suspended from the laboratory ceiling for locations L1, L2, and L3. Hand-held video camcorders were also mounted on tripods for locations L4, L5, L6, L7, L8, and L9. The camcorders were focused on the intersection of mullions with transoms. Efforts were made to set all the camcorders level using a digital level. Video camcorders were focused on the intersections of mullions with transoms of the curtain wall panels.
Captured Still Image Technique Overview
With the Captured Still Images Technique Development, a Video capture was used to measure the movement of the glass corners relative to the mullions and transom. This technique consisted of viewing the video recordings frame-by-frame, taking screenshots of the undeformed positions and the maximum deformed positions at C6.25 and C6.75 for selected steps, and importing the images into AutoCAD to scale and take measurements. Video capture was only executed for two amplitudes for any given AAMA 501.6 step (C6.25 and C6.75). The video analysis measures the horizontal and vertical distances from the corner of a glass pane to a corner of an intersecting mullion and transom. Each video file must be inspected to account for all 12 cycles of any given step ( Figure 5 ). Most media players, including Microsoft Media Player, have a frame-by-frame feature. Once the desired frame for either Cycle 0, 6.25, or 6.75 is displayed, then an image may be created using a screen capture program. It is important to maintain consistency in the process of capturing the images. Each image was captured by viewing the selected frame in full-screen mode using a monitor consistently with the same resolution setting (i.e., 1024 by 768 pixels). The screen capture program built into the Microsoft Windows 7 operating system was used. Note that the image from the video may not be captured using a screen capture program built into the Windows XP operating system. The image was then pasted into the program Microsoft Paint and saved. Microsoft Paint offers several suitable file types such as 24-bit bitmap, JPEG, TIFF, and PNG. The quality of each file type is visually indistinguishable from each other. The JPEG file was selected because it has the smallest file size. The image file was then brought into AutoCAD as an xref "Raster Image" by selecting the file in the folder directory, copying it, and pasting it into the drawing on top of a block drawing of the mockup, at the appropriate location. The AutoCAD block was created to represents the edges of the mullions, transoms, and glass panes of the mockup. This block was replicated for each of the steps analyzed. The images for each of the steps for a given camera location were then compared to determine an appropriate scale factor. The "distance" command in AutoCAD was used to take a measurement along one of the displayed horizontal scales in each of the images ( Figure 5 ). A ratio of the measurement according to the physical scale to the AutoCAD measurement was calculated and recorded. If the ratio of several images were relatively close, then the average of those ratios was calculated and applied to each of those images. Figure 6 shows the lines of the AutoCAD block created from the dimensions of the design drawings. The solid light blue line represents the glass edges and the dashed grey lines represent the edges of the mullions and transoms. AutoCAD was used to add dimension annotations to quantify the movement of the glass pane corners relative to the frame.
Figure 6. Screenshot of four intersections of Mockup B during
Step 12 at Cycle 6.25
The start point of the dimension was selected as the corner of the glass pane. The endpoint of the dimension was selected as the corner of the mullion and transom. The location of the endpoint was approximated by tracing the vertical edge of the mullion on the opposite side. This was then overlaid on the concerned side as best as possible. The projected intersection of the edge of the transom with the traced edge of the mullion was selected as the location of the endpoint. If possible, this was then checked by tracing the distance from the endpoint to any kind of marker (i.e., a nearby contour, sticker, black smudge, etc. on the aluminum frame). The measurements from AutoCAD dimensions were recorded and used to calculate strain values as the change in the measured distance divided by the thickness of the SS along the transom.
CMA Coach 6 Studio Technique Overview
A key feature of Point Tracking CMA Coach 6 Studio Technique is that it allows the user to specify the range and interval of the frames to be analyzed. The range has been set to analyze the entire length of the video, which takes longer than if a smaller range of frames is selected. The maximum and minimum values of the relative movement are the most important to this study. Thus the range could be set to analyze the frames near the middle, which would include Cycles 4 to 8. The interval could be set to analyze every nth frame, which would reduce the analysis time. However, the frames skipped could be of the maximum deformed shape. Another drawback is that skipping frames then increases the likelihood that the tracking points may move outside of the search area. This causes the tracking to diverge and the resulting data to be no longer valuable. The interval was set to not skip frames, to ensure that the maximum values were found and to avoid divergence. This also provided a dense amount of data, which allowed for outliers to be easily identified and disregarded. The outliers are generated by an error in determining the location of the tracking point. Care must be taken in selecting the location of the tracking point, the radius of the tracking point, and the dimensions of the search area.
The following is an overview of how the properties of the tracking points and analysis are defined ( Figure 7 ). The location of the origin does affect the recorded values from the data points. The x-scale was drawn on the ruler shown with one point at the 1/2 inch (12.7 mm) marker and the other at the 3.5 inches (88.9 mm) marker with the measurement defined as 3 inches (76.2 mm). The y-scale was defined independently of the x-scale because the particular video file was not recorded with a 1-to-1 aspect ratio. The y-scale was drawn on the ruler shown with one point at the 3/8 inch (9.52 mm) marker and the other at the 1.75 inches (44.45 mm) marker with the measurement defined as 1.375 inch (34.92 mm). The software records the set of pixels that are enclosed by the initially defined tracking point. This definition will be referred to as the "target". The default size of the tracking point and target has a radius of 8 pixels. When the second frame is analyzed, the program searches within the search area (based on the initial location) for the set of pixels that represent the initially defined target set as closely as possible. The program then adjusts the search area to be centered at the recently determined tracking point location. These steps are then repeated until all the frames of the defined interval have been analyzed.
If the points are so far off such that the intended target is no longer within the current search area, then the tracking point will continue to diverge from its intended target. Note that the search area shown does move with the tracking point, but it lags behind by one frame. Thus the distance from the center of the square to the center of the circle is the distance that the tracking point has moved from the last frame. This distance should be relatively large at cycles such as C4.0, C4.5, C5.0, and C5.5 because the rate of change in drift of the mockup is highest as the mockup passes through its un-deformed shape. This distance should be relatively small at cycles such as C4.25, C4.75, C5.25, and C5.75 because the mockup is approaching its maximum deformed shape, and the rate of change in drift of the mockup should be minimal.
GLASS CORNER MOVEMENT RELATIVE TO FRAME
When curtain walls undergo racking movement, there is specific behavior of the glass corners relative to the frame. Figure 8 shows the nomenclature for a glass pane rotating isolated from the frame, in which 'w' is the width of glass pane 'n', 'h' is the height of glass pane 'n', 'f' is the horizontal movement of glass pane 'n' at each corner due to rotation 'α', and 'e' is the vertical movement of glass pane 'n' at each corner due to rotation 'α'. The relationships between the moment parameters are defined by Equations (1)- (6).
Figure 7. The process of conducting the Point Tracking CMA Coach 6 Studio Technique Simultaneous with the rotation α of the glass pane, the maximum strain of the SS occurs at the corners and is represented by "g" as defined by the Pythagorean Theorem (Equation (7)).
FAILURE CRITERIA FOR THE STRUCTURAL SILICONE
Two distinct types of failure may occur with structural silicone, cohesive and adhesive ( Figure 9 ). Cohesive failure is defined as the SS tearing apart. The SS can be visibly seen still attached to both surfaces, which are separating (left side of Figure 9 ). This occurs when the SS reaches its ultimate stress/strain. Adhesive failure is defined as the separation between the SS and one of the surfaces it is attached to (right side of Figure 9 ). The SS is visibly attached to the other surface and it does not appear to be torn. In some circumstances, a cohesive failure may run continuously into what would be defined as an adhesive failure (middle section of Figure 9 ). Sometimes at this transition, a thin film of SS is left on the surface of which the adhesive failure occurs further along. This has been noted as a "thin film failure", which is assumed to behave just as a cohesive failure. Figure 9 . Types of structural silicone failure
To calculate the effective shear strain (∆t/thickness), two methods were utilized in this study. The first method is a linear relationship of longitudinal shear plus transverse shear using Equation (8). Here, the resulting shear ∆t is the summation of the absolute values of transverse shear and longitudinal shear. Equation (8) is based on Shisler and Klosowski (1990) . ∆r is the longitudinal shear displacement of the SS along the transom, while ∆s is the transverse shear displacement of the SS along the transom.
The second method determines the resulting shear as the square root of the sum of the squared transverse shear and longitudinal shear as in Equation (9), which is based on an equation from Sandberg and Ahlborn (1989) . This method is more intuitive and yields lower results than the first method.
It is yet unknown if the first method overestimates or if the second method underestimates the effective strain on the SS.
The change in distances from the undeformed shape to the deformed shape (C6.25 or C6.75) is divided by the thickness of the structural sealant to calculate the longitudinal shear strain (∆r/thickness) and transverse shear strain (∆s/thickness) of the structural sealant. The calculated total strain from the first method is then given by Equation (10), while the calculated total strain from the second method is then given by Equation (11). Step 21 was chosen because it was apparent that at this step the SS had failed in some areas. The movement of the glass panes and thus the SS deformation became abnormal once some of the SS had failed.
Step 20 was selected as the upper limit since one of the objectives of this study was to describe the behavior prior to SS failure or prior to glass pane to glass pane contact.
Mockup B Test 1's video files were corrupted and could not be used, however, the following are the general notes that were made about the test. The index clips between glass Panes 5 and 6 pulled out at Step 15. The parts of the broken index clips became wedged at the bottom of the mockup, so the test was not continued to further steps. The mullions had visible signs of racking residual deformation.
Mockup B Test 2 had the pure-racking boundary condition, which was expected to generate the highest strain in the SS and thus the highest magnitude of damage. The following observations support this claim, particularly the movement of the glass relative to the frame. Figure 10a and Figure 10b show the deformed shapes of Mockup B during Test 2 at Step 12. The images from the video capture were centered relative to the lines drawn for the image of the mockup at Cycle 0 (approximately un-deformed) so that midpoint between two corners of the mullion and transom intersection (either upperright and lower-left OR upper-left and lower right) would be centered at the midpoint between the corners of the mullion edges drawn. Sequencing of the observed behaviors of MB_T2 is presented in Figure 11 and Table 2 . Visual inspection indicated that the SS on the lower left corner of glass Pane 6 had a failure of length 0.375 inch (9.52 mm) and depth 1/4 inch (6.35 mm) by Step 16. Furthermore, the SS on the lower left corner of glass Pane 5 had a failure of length 1.5 inches (38.1 mm) and depth 1/2 inch (12.7 mm) by Step 19. It was observed for mockup B during Test 2 Step 21 that the system was acting nonlinearly. At cycle 3.75 of Step 21, the bottom-left corner and the bottom-right corner of glass Pane 6 suddenly changed in behavior and simultaneously a relatively quiet creaking sound was produced. This suggests that the SS at these two corners and possibly along the bottom edge had just failed. Figure 12 shows the SS that has failed along the bottom-right corner of glass Pane 6. It also shows how glass Pane 6 now slides past glass pane 11 without making contact with it. At Cycle 4.75, the SS tore along glass Pane 5 at its top-left corner and at the top-right corner. This is determined because the top-left and top-right corners of glass Pane 5 movement behavior change drastically. Figures 13a and 13b show the movement of the glass panes at about 10 frames before cycle 4.75 (approximately 0.345 seconds). These images approximately present the movement seen in previous steps. The first results to be discussed is Mockup B Test 2 that has informative results. Figures 14 and 15 show calculated strain values at the corners of glass Panes 4, 5, and 6. The x-axis of Figures 14 and 15 is the scalar sum of the independently measured displacements at the upper and lower tube, which represents an inter-story drift. The calculated effective shear strain by each method is presented in Figures 14a  and 14b for Cycle 6.25 and presented in Figures 15a and 15b for Cycle 6.75. All displacements are slightly less than the nominal displacement of any given step for the AAMA 501.6 test, due to flexibilities in the testing apparatus but are normalized amongst testing mockups. Data points for three of the locations are not shown for Step 21 due to observations of structural sealant failure at those locations and a dramatic increase in the calculated strain value. Data is not shown for Steps 22, 23, or 24 due to extensive structural sealant failure.
Figures 14 and 15 also show that the calculated strains are greater at a negative drift (C6.75) than at a positive drift of the mockup (C6.25). The re-entrant corner of the mockup creates an asymmetry, which is a likely source for the differences between the positive and negative drifts. To quantify such difference, the calculated strains for each step were averaged to compare the difference between the two cycles. The data points are relatively linear up to Step 20; however, a linear regression line has an x-axis-intercept of approximately 7/16 inch (11.11 mm) for C6.25 data and 3/16 inch (4.76 mm) for C6.75 data. This implies that once the mockup reaches an amplitude displacement and returns to its initial displacement of zero, it must be displaced about +7/16 inch (+11.11 mm) or −3/16 inch (−4.76 mm) before the structural sealant returns to an undeformed position. This could be a result of flexibilities in the steel angles that connect the mockup specimen to the sliding tubes of the testing apparatus. In addition, the mockup specimen itself may have some flexibility, which allows for the transoms and mullions to deform without any significant strains of the structural sealant.
Structural sealant failure was first noted after
Step 16 at the bottom left corner of glass Pane 6 (P6 Bottom Left). The failure was described as a 3/8 inch (9.52 mm) long tear, which was inch (6.35 mm) deep. From the video analysis at Step 16, the calculated strains for Cycle 6.75 were at P6 Bottom Left with values of 167% from Method 1 (Figure 15a ) or 122% from Method 2 (Figure 15b ). Test data in accordance with AC45 (ICBO 1991) from Dow Corning of the 983 Structural Glazing Sealant indicated an ultimate shear strain limit of approximately 190% to 200%. Comparison of Dow results with those in this study suggests that the linear method is more appropriate to describe the strain limits. However, note that at Step 16 the maximum strain occurred at P5_Bottom_Left with values of 173% from Method 1 (Figure 15a ) or 130% from Method 2 (Figure 15b ). It is assumed that a defect in the structural sealant bead near the bottom left corner of glass Pane 5 led to a premature failure since failure was noted at P6_Bottom_Left, but not P5_Bottom_Left and the failure occurred below the ultimate shear strain limit. The maximum calculated strain values for Step 20 occurred at Cycle 6.75, which are 226% according to the linear method ( Figure 15a ) and 170% according to the quadratic method (Figure 15b ). Since structural sealant failure was observed at the following step, this also suggests that the linear method is more appropriate to describe the strain limits.
To quantify this difference, the calculated strains for each step were averaged and plotted in Figure 16a to compare the difference between the two cycles. The data points are relatively linear up to Step 20; however, they do not intercept at the origin (0 inch (0 mm), 0%). The x-axis-intercept is about 7/16 inch (11.11 mm) for C6.25 data and 3/16 inch (4.76 mm) for C6.75 data. This implies that the mockup must be displaced about +7/16 inch (+11.11 mm) or −3/16 inch (−4.76 mm) before the SS experiences any deformation. In addition, the mockup itself may have some flexibility, which allows for the transoms and mullions to deform without any significant strains of the SS. Figure 16b shows the maximum values of the calculated strains for each step. It is more important to consider the maximum values than the averages since the first failure of the SS will most likely occur at the location of maximum strain. The maximum values calculated for Method 1 were not always at the same location as the maximum values calculated by Method 2 shown in Table 3 .
SS failure was first noted in the lab during the test after Step 16 at the lower left corner of glass Pane 6. The failure was described as a 3/8 inch (9.52 mm) long tear, which was 1/4 inch (6.35 mm) deep. From the video analysis at Step 16, the calculated strains for Cycle 6.75 were at P6_BL with values of 167% from Method 1 or 122% from Method 2. The material's ultimate shear strain limit is around 190%. This shows that Method 1 is making a closer prediction than Method 2. However, note that at Step 16 the maximum strain occurred at P5_BL with values of 173% from method 1 or 130% from Method 2. It is assumed that a defect in the SS bead near the lower left corner of P6_BL led to a premature failure since failure was noted at P6_BL, but not P5_BL, and the failure occurred below the ultimate shear strain limit. The calculated pseudo-strain changed from Step 20 to Step 21 on average by 33% for Method 1 and 35% for Method 2 for Cycle 6.25. Whereas the calculated strain at the other three locations (P6_TL, P5_BL, and P5_LR) changed from Step 20 to
Step 21 on average by 2% for Method 1 and −2% for Method 2 for cycle 6.25. These values for C6.25 and the values of C6.75 are presented in Table 4 . The relatively small percent effective shear strain for C6.25 and the decrease for C6.75 of the calculated strain for the other three locations may be interpreted as the SS has not failed yet. Data series P5_BR at Cycle 6.75 is the only series that dropped in the calculated strain from Step 16 to 20. The notes from visual inspection indicated that the SS on the lower left corner of glass Pane 6 had a 0.375 inch (9.52 mm) cohesive failure by Step 16 and that the SS on the lower left corner of glass Pane 5 had a 1.5 inches (38.1 mm) cohesive failure by Step 19 (Simmons 2011) . Failures of the SS could be the explanation for the drop in calculated strains in a specific location.
Test Mockup C Results

Captured Still Image Technique Mockup C
Mockup C Test 2 provides informative results. Mockup C is the same as Mockup B except the boundary condition allows for the panels to slip vertically past each other. The measured distance of the mockup prior to the start of Test 2 (Figure 17a ) is 1.02 inches (25.91 mm) in the horizontal direction and 1.28 inches (32.5 mm) in the vertical direction. The measured distance of Step 12 at Cycle 6.25 (Figure 17b ) is 0.93 inch (23.6 mm) in the horizontal direction and 1.09 inches (27.7 mm) in the vertical direction. The change in distance is −0.09 inch (−2.29 mm) for the horizontal direction and is -0.19 inch (−4.83 mm) for the vertical direction. Since the SS along the transom has a thickness of 5/16 inch (7.94 mm), this value controls over the 9/16 inch (14.29 mm) thickness of the SS along the mullion. The calculated strain from the first method is then, 89% while the calculated strain from the second method is 67%.
The calculated effective shear strain from each method is presented in Figures 18a and 18b for Cycle 6.25 and presented in Figures 19a and 19b for Cycle 6.75. The maximum calculated strain values during Step 24 occurred at Cycle 6.75, which are 270% according to the linear method ( Figure 19a ) and 198% according to the quadratic method (Figure 19b ). Structural sealant damage was not observed at this drift. Thus, the quadratic method appears to be more appropriate to describe the strain limits because the linear method is predicting an effective shear strain that much higher than the 200% ultimate shear strain of the sealant.
The data points shown in Figures 18 and 19 generally illustrate a linear trend and that the calculated strains are greater at a negative drift (C6.75) than at a positive drift of the mockup (C6.25). To quantify this difference, the calculated strains for each step were averaged to compare the difference between the two cycles. The data points are relatively linear for the steps shown; however, a linear regression line has an x-axis-intercept of approximately 1/16 inch (1.59 mm) from the C6.25 data and 3/16 inch (4.76 mm) from the C6.75 data. This implies that once the mockup reaches an amplitude displacement and returns to its initial displacement of zero, it must then be displaced about +1/16 inch (1.59 mm) or −3/16 inch (−4.76 mm) before the structural sealant returns to an undeformed position. This could be a result of flexibilities in the connection of the mockup to the testing apparatus. In addition, the mockup itself may have some flexibility, which allows for the transoms and mullions to deform without any significant strains of the structural sealant.
Figure 17. Mockup C Test 2 measured distances
The calculated effective shear strain from each method is presented in Figures 18a and Figure 18b for Cycle 6.25 and presented in Figures 19a and 19b for Cycle 6.75. The data points shown in Figures 18 and 19 generally show a linear trend. One exception occurs at Step 12 for the calculated strain at P5 top-right and P6 top-left. These two locations are seen by the same camera. Steps 11, 13, and 14 were then analyzed for only those two locations to isolate where the deviation from the linear trend occurs. Figures 18 and 19 also show that the calculated strains are greater at a negative drift (C6.75) than at a positive drift of the mockup (C6.25).
To quantify this difference, the calculated strains for each step were averaged and plotted in Figure 20a and 20b to compare the difference between the two cycles and the two calculation methods. Figure 20b is a repeat of Figure 18a except for the data for Step 24 was excluded to show that the data for this step is only slightly non-linear from the other data points. The data points fit the linear plotted trend lines with the exception of those at Step 12, which may be a result of the Figure 20b indicates that the x-axis-intercept is about 1/16 inch (1.59 mm) from the C6.25 data and 3/16 inch (4.76 mm) from the C6.75 data. This implies that the mockup must be displaced about +1/16 inch (1.59 mm) or −3/16 inch (−4.76 mm) before the SS sees any deformation. This could be a result of flexibilities in the connection of the testing apparatus to the mockup. In addition, the mockup itself may have some flexibility, which allows for the transoms and mullions to deform without any significant strains of the SS.
It is more important to consider the maximum values rather than the averages since the first failure of the SS will most likely occur at the location of maximum strain. The maximum values for each series were not always at the same location as shown in Table 5 .
CMA Coach 6 Studio Method Results
The CMA Coach 6 Studio MV software (CMA 2010) was used to analyze the same six locations as discussed for the previous method. CMA Coach 6 Studio MV is used to set-up tracking points that are based on a user-defined location and radius. It tracks the point within a search area of dimensions defined by the user. These inputs must be carefully selected to maximize the performance of the tracking. The software records the position in pixels of the point for each frame. The distance of the point from the user-defined origin is then calculated. A userdefined distance scale and time scale allows for the distance from origin vs. time to be calculated. This data is exported to Microsoft Excel for post-processing. The distance of a tracking point (glass corner) relative to another tracking point (frame) is then calculated. The horizontal distance of the frame to the origin is subtracted from the horizontal distance of the glass to the origin. The location of the user-defined origin does not matter in this subtraction calculation.
The data is then normalized such that the first data records are zero. This converts the relative distances into relative displacements of the tracking points. Similarly, these steps are repeated for the vertical distances, and for all other locations. Figure 21a and 21b show the relative movement of the glass pane 5, top right corner in the horizontal and vertical directions, respectively. Figure 21a and 21b clearly show the 4 ramping up cycles, 4 constant cycles, and 4 ramping down cycles. Cycles 6.25 and 6.75 are highlighted since those are the values that will be compared between the previous technique and CMA Coach 6 Studio MV.
COMPARISON OF TEST METHODS
The following are the main observed differences between Mockup B Test 2 to Mockup C Test. Mockup B showed highly nonlinear at Step 21, which indicates a large amount of SS failure. Mockup B had a fallout of the entire glass Pane 5 during Step 24. Mockup C remained quite linear for all 24 steps. This suggests that any SS damage would have been minimal if any. Figure 22a shows the average calculated strain values of both mockups for steps up to and including Step 20. The R2 values for each trend line are shown to indicate that the data is highly linear. Note that the R2 values for mockup C are slightly higher thus more linear than mockup B. Figure 22b shows the maximum calculated strain values for steps up to and in- Table 6 shows that the outcomes of the two methods can be similar or very different. It is believed that the first technique is more precise since it focuses on the single frame of interest. CMA Coach 6 Studio MV must analyze all of the frames up to the one of interest.
DISCUSSION OF THE VIDEO CAPTURES METHODS
The first technique (screen capture) shows to be the preferred technique since the user can select the exact frames desired and can select the target points for measurements. The drawback to this technique is that the accuracy of the results depends upon user's ability to be precise in capture images, importing them, rotating, scaling, stretching, and selection of the target points. All of these steps were repeated for about 150 images for MB_T2 and MC_T2. The second technique (point tracking with CMA Coach 6) offers the advantages of quickly analyzing frames and having a convenient feature to export data to Microsoft Excel for further post-processing. The accuracy of the results depends only on the scaling defined and the ability for the tracking points to stay on target.
The results did show the percent differences between the two methods ranging from 1% to 261%. A cause for the extreme percent differences may have been due to the divergence of the tracking points for some targets. It is recommended that for future testing of glazing curtain wall systems a target be attached to the frame such that it can visible to the camera.
A target can be made by taping a piece of white cardboard to the back side of the mullion and transom intersection, such that at least a 2 inch by 2 inch (50.8 × 50.8 mm) square with a black dot in the center is visible to the camera. This would improve the results of both techniques and eliminates some of the difficulties of the screen capture technique.
The point tracking technique would eliminate some of the sources of human error (location and rotation of the images) from the video capture technique for determining glass and frame rotation. The video analysis was useful to confirm the assumed movements of the glass relative to the frame. The effective shear strains and the rotations of the glass and frame were calculated from the displacements measured from the video analysis. SS failure was first noted for MB_T2 at step 12. At this step, the calculated effective shear strain by Method 1 was 173% and by Method 2 was 130%. Since the ultimate shear strain of the SS is around 200%, it seems that the video analysis supports the use of Method 1 over Method 2.
CONCLUSIONS
The video analysis was useful to confirm and document the assumed in-plane movements of the glass relative to the frame during racking. The effective shear strain was calculated from the displacements measured from the video analysis. The accuracy of the technique primarily depends on careful scaling of the images, and the ability to select and follow appropriate tracking points on the mockup. The video capture technique was also useful in determining the rotation of the glass panes and the frame. However, this is not reported here for brevity.
The point tracking technique would eliminate some of the sources of human error (location and rotation of the images) from the video capture technique for determining glass and frame rotation. A target should be applied to the frame of the mockup such that the target is visible to the camera view, will not move off camera, and will not be obscured by the spacer and seal of the IGU. This would improve the accuracy of the results for both techniques since it would eliminate the guesswork of determining the location of the corner of the in- 
